Deposition on a Si(100) surface and subsequent self-assembly of In atoms into one-dimensional (1D) atomic chains at room temperature is investigated via kinetic Monte Carlo simulation of a suitable atomistic model. Model development is guided by recent experimental observations in which 1D In chains nucleate effectively exclusively at C-type defects, although In atoms can detach from chains. We find that a monotonically decreasing form of the scaled island size distribution (ISD) is consistent with a high defect density which facilitates persistent chain nucleation even at relatively high coverages. The predominance of heterogeneous nucleation may be attributed to several factors including low surface diffusion barriers, a high defect density, and relatively weak In-In binding.
Introduction
It has become increasingly important to understand the mechanisms that govern the self-assembly of single-atom wide and tall atomic chains grown via deposition of group III and IV metals on Si(100) because of their potential utility in applications ranging from contacts in switches to quantum computers. Images obtained from scanning tunneling microscopy (STM) presented in previous studies [1] [2] [3] [4] offered a detailed view of the process of self-assembly, as well as of the spatial and length distributions of the atomic chains.
Complementing these experimental studies are electronic structure calculations, the goal of which is to provide information on preferential binding sites, diffusion pathways and energetics, as well as stabilities of candidate configurations for the atomic chain [5] [6] [7] . These calculations shed light on the experimentally observed development of dimerized chains of atoms with the islands aligned along the direction perpendicular to the Si dimer rows. The growth mechanisms has been described as a surface polymerization reaction. This 5 Author to whom any correspondence should be addressed. detailed insight into island formation and the growth process (together with the feature that atoms do not populate higher layers at submonolayer coverages) makes it relatively easy to model.
Although analyses of atomic chain formation and structure on Si(100) have been performed for In [1] [2] [3] [4] 8] , Ga [4, 9, 10] , and Al [5, 11] , the influence of surface defects on nucleation and its consequences on the length distribution has not been fully explored. In our previous study for Ga, we attempted to assess how defect nucleation impacts on estimates of terrace diffusion barriers [10] . Recently, Kocan et al [12, 13] showed via real-time STM imaging techniques that In islands or chains nucleate effectively exclusively at defect sites, specifically so-called C-defects, where one end of the atomic chain is attached to the C-defect. A separate work utilizing ab initio calculations in [14] elucidated the strength of the attractions between defects and In monomers. In addition, the STM studies provided extraordinarily detailed information into the limited stability of the chains, determining the dependence on chain length of the rates at which In atoms detach (from the end furthest from the C-defect).
The above extensive information guides the development of a lattice-gas model realistic enough to describe the behavior of key quantities such as mean island or chain size and density, as well as the effect of density of C-defects on these quantities. Additionally, following our recent work [9, 10] in which we argued that the monotonically decreasing form of the scaled island size distribution observed for Ga can in fact be explained naturally via restricted aggregation (relative to nucleation), it would be interesting to determine if this picture holds true even in the presence of C-defects. In the case of Ga, we also identified factors controlling the relative propensity of homogeneous versus heterogeneous nucleation.
In the current paper, in section 2, we first present results from a DFT analysis of binding sites and diffusion barriers for the In on an Si(100) system. In section 3, we then present an atomistic model for In chain formation during deposition of In on Si(100) which incorporates the above DFT results for terrace diffusion, heterogeneous nucleation at defects, as well as reversible attachment from chains based on the STM data described above. Detailed simulation results for this model are provided in section 4, together with a discussion of the behavior determined from the simulations. It should be noted that preliminary results have been reported recently for atomistic modeling of In chain formation on Si(100) [15] . This modeling of chain formation via heterogeneous nucleation incorporates reversibility, albeit with a single detachment barrier (in contrast to our more complex and realistic treatment with multiple detachment rates). Furthermore, this paper estimated diffusion barriers solely by comparison of modeling predictions with experiment. In contrast, we perform extensive DFT analysis to determine these quantities, yielding significantly different values which are incorporated into our modeling. Finally, conclusions from our study are presented in section 5.
DFT calculations: methodology and results
There exist previous ab initio studies on adsorption of group III and group V metals on Si(100) identifying binding sites and diffusion barriers for adatoms and ad-dimers [5, 7, 16] . However, none of these studies have obtained the activation barriers for surface diffusion of In on Si(100), which constitute a key input to our modeling. Here, we utilize density functional theory (DFT) analysis to identify possible pathways for diffusion along the two principal directions, and then to calculate the associated effective activation barrier for each direction. Thus, a brief description of these calculations is in order.
Our calculations were carried out within the generalized gradient approximation as parameterized by Perdew, Burke, and Ernzerhof (PBE) [17] to density functional theory [18] using projector-augmented-wave potentials [19] , as implemented in the Vienna ab initio simulation package [20] . To simulate atomic adsorption, we used a repeated slab structure consisting of six Si layers with 12Å vacuum. Also, we used the 4 × 4 supercell as the slab substrate and manipulated the c(4 × 2) at the reconstruction layer. The 2 × 2 Monkhorst-Pack grid was employed to sample the surface Brillouin-zone (BZ). The kinetic energy cutoff was set to 250 eV (18.37 Ryd). Additionally, the Si atoms at the bottom of the slab are passivated with hydrogen atoms, which are then kept fixed to simulate the bulk structure. The rest of the Si atoms and In atoms are allowed to relax until the residual force on each movable atom is less than 0.01 eVÅ −1 . Similar settings were used in our previous study [21] .
To map the potential energy surface (PES), we applied a similar methodology described in [16, 22] : an In atom is placed with fixed lateral position above the c(4×2) surface and relaxed vertically. In this way, binding energies are mapped out over a uniform grid with a spacing of 0.48Å. Examination of the resulting PES map revealed key information such as preferential binding sites and diffusion pathways, as well as the height of the barriers for diffusive hopping between local minima. It should be noted that similar calculations for group III metals have been performed previously [7] , though the activation barriers for terrace diffusion, so crucial to our modeling, have not been calculated. Note that our calculation produces a surface with buckled Si dimers, i.e. each dimer has a higher (up) and lower (down) atom. Like atoms are adjacent across dimer rows and unlike atoms are adjacent within a dimer row. See figures 1(a) and (b).
Mirroring the results for Al described in [7] , we also found an off-center binding site, called the M site, where an In atom is bound to two Si atoms, as the site with the lowest energy. Our analysis suggests that diffusion along the [110] direction, perpendicular to the Si dimer row, probably proceeds via a sequence of two distinct hops: Mp-M for hops across a dimer row, and M-h-M for hops between two dimer rows; see figure 1(c). The barrier for the former is 0.27 eV and for the latter is 0.18 eV. Similarly, we identified two distinct adatom hops and corresponding activation barriers along the directions, respectively. As a final caution, we note that higher-level embedded-cluster quantum chemistry calculations could potentially predict different preferred adsorption sites and barriers than the above DFT analysis [11] .
Atomistic lattice-gas model for In deposition on Si(100)

Model details
In our atomistic lattice-gas modeling, the Si(100) substrate is described as a periodic rectangular array of adsorption sites 6 Analysis of effective rates or barriers for single particle diffusion on a linear lattice with alternating rates or barriers between sites comes from consideration of the associated master equations. If h − and h + are the distinct hop rates, and a is the lattice constant, then the diffusion coefficient is given by for In. These sites are known to correspond to locations in the trenches between Si dimer rows [7] . The dimer row reconstruction for Si(100) breaks the symmetry between orthogonal directions on this array. For convenience, we identify the Si dimer row direction as vertical, and thus the In atomic chain direction as horizontal, relative to this array. Some fraction of these adsorption sites will be designated as defects at the outset of the simulation. They are randomly distributed, subject to the constraint that adjacent defects are excluded. A more detailed prescription of the treatment of defects is provided below.
(a) Adsorption and diffusion. Indium atoms are deposited onto the array of adsorption sites at the flux rate F, typically of the order of 10 −2 -10 −4 atoms per site per second, i.e. monolayers (ML) per second, or ML s −1 . Terrace diffusion of isolated adatoms occurs along the two principal directions of the adsorption site array (i.e. perpendicular and parallel to the underlying Si dimer rows), at rates governed by the Arrhenius law, h ⊥, = ν exp[E ⊥, /(kT )], where ν is the prefactor, typically 10 13 s −1 , k is the Boltzmann constant, and T is the temperature.
Diffusion barriers of (E ⊥ , E ) = (0.27 eV, 0.27 eV), are chosen based on the DFT analysis and subsequent discussion in section 2. Moreover, we will exclude diffusion of adatoms to 'forbidden sites' directly above and below the In atomic wires. See further discussion below.
(b) Island nucleation and growth. First, we describe further the parallel dimer picture of atomic chain or island formation on Si(100), which applies in most group III and IV metals: two adatoms which reach horizontally adjacent sites (located in the same trench in between two Si dimer rows) can dimerize to homogeneously nucleate an island or chain [7] . Subsequent growth is strictly one-dimensional and occurs along the addimer axis, i.e. perpendicular to the Si dimer row. Such growth is mediated by adatom diffusion to sites at the end of the chain, recalling that sites above and below it are 'forbidden'. The existence of such 'forbidden' sites also leads to the well-known property of chains wherein no two islands can be laterally adjacent (i.e. the minimum lateral spacing between islands is two vertical lattice constants) 7 . In the current modeling, both the initial homogeneous nucleation step and subsequent chain growth are reversible (see below).
However, in the case of In/Si(100), island formation appears to be initiated primarily when a single mobile adatom is captured by a C-type defect to which it binds reversibly [12, 14] . In this scenario, initial island growth occurs when a second diffusing adatom reaches a site adjacent to a defect-bound monomer and then dimerizes to form a defectbound dimer. Further growth proceeds by additional diffusing adatoms reaching the 'free' end of an island, i.e. the end not bound to a defect. In the current modeling, both the initial heterogeneous nucleation atoms trapping at the defect and subsequent chain growth are reversible (see below). Thus, In islands are primarily nucleated heterogeneously, rather than homogeneously, although in our modeling both pathways are operative.
(c) Reversible detachment of adatoms from defects and chain ends. In our modeling for heterogeneous nucleation, a single adatom bound at a defect can detach as noted above. For homogeneous nucleation, the initial dimer can also dissociate by detachment of either atom; see table 1 for the rates used in our simulations which were adopted from or motivated by [12] . For heterogeneously nucleated chains of more than one atom, the atom at the 'free' end (i.e. the end not pinned at a defect) will be allowed to detach at a rate depending on the island size. Such atoms are classified into three distinct types (an atom in a dimer, an atom at the end of an chain of odd length three or more, an atom at the end of a chain of even length with multiple dimers) and detachment rates assigned in accordance with the findings in [12] . We have adopted their reported values for the purpose of this simulation, as presented in table 1. Likewise, for homogeneously nucleated islands, in which there are now two 'free' ends, end atoms detach at rates which similarly depend on the island size. We take the view that the detachment rate should be the same as for their defect-bound counterparts. We argue that at the free ends of larger heterogeneously nucleated chains, the effect of a defect should be negligible. Associated rates for detachment from homogeneously nucleated islands are also listed in table 1.
(d) KMC simulation algorithm. Our KMC simulations use a refined Bortz-Kalos-Lebowitz (BKL) type algorithm [23] in which the main task is to create a dynamically updated list of possible processes (and of the adatoms associated with them), grouped by processes with the same (or similar) rates. The efficiency of such an algorithm derives from its being nearly 'rejection free'. Processes are chosen at random weighted by their rate, and one process is implemented in most time steps. Some rejection occurs if one group proceeds with a slightly different rate (in which case a successful move is determined with a probability determined by the ratio of the actual to the maximum rate for events in that group), and when an attempt to hop would move an atom to a 'forbidden' site.
Variants of the model
In this subsection to motivate our selection of model variants, we first describe two types of deposition and STM imaging procedures employed in the In/Si(100) experiments. One involves post-deposition STM imaging in which data are gathered after some desired adatom coverage has been reached by relatively fast deposition at a rate of 10 −3 -10 −2 ML s −1 [13] . Thus, the duration of the deposition phase of the experiment is short, and the defect density is effectively constant during deposition. Rapid deposition also produces far-from equilibrium island distributions, and the data obtained subsequently can be affected by some postdeposition equilibration dynamics or relaxation. The other method involves real-time STM imaging during deposition with a significantly greater separation between the evaporator and the sample. This results in a low deposition rate of around 10 −4 ML s −1 , an order of magnitude slower than above. In this case, the defect density generally increases significantly during deposition.
Our simulation study takes into account these two different scenarios by introducing two variants of the model. In one the defect density is fixed at the beginning of the simulation and remains constant, and in the other the number of defects may rise during deposition.
Results and discussions
Morphology of In adlayers
The evolution of simulated surface morphologies of In adlayers formed by deposition of various coverages, θ , is shown in figure 2 . The flux is moderately high and set to 2 × 10 −3 ML s −1 while defect density is 0.01/site, typical of the post-deposition STM experiments described in [12, 13] . The adlayers consist of arrays of 1D islands (black atoms) pinned at C-defects (indicated by unfilled red circles). Notice that homogeneously nucleated islands, i.e. those not anchored on defects, are absent in these figures. Further analysis reveals that this feature reflects a combination of a high defect density (favoring heterogeneously nucleated islands), and a relatively high ratio of diffusion to deposition rate (despite the higher flux).
Effect of defect density on mean island size and density
In our simulations for rapid deposition at higher flux, the number of defects is fixed at its initial value, mimicking experiments with post-deposition STM imaging in [8, 13] . Specifically, we assigned high flux within the range of 10 −3 -10 −2 ML s −1 and defect densities varying from 0.0035/site to 0.01/site to reflect various experimental conditions. In one simulation run shown in figure 3 (filled red circle) , where F = 2 × 10 −3 ML s −1 and defect density N def = 0.01/site, the plot reveals that after a brief initial transient period, the average island size, S av , increases linearly with coverage or time. This corresponds to an initial burst of nucleation followed by growth with no further nucleation. Thus, the mean island or chain size (measured in atoms) satisfies S av = θ/N av ≈ θ/N def . This behavior is illustrated in figure 4 , where we used the same flux as above, while the defect density was varied. To demonstrate that simulation behavior is generally consistent with that observed in experiments we have also provided the experimental data given in [13] (unfilled red circles).
To further test the robustness of the model and the accuracy of the parameters used, we compare simulation predictions (filled black squares) showing the dependence of mean island size on coverage with a different set of postdeposition STM imaging data obtained from [8] (unfilled black squares). In that experiment, F = 10 −3 ML s Simulated mean island size versus coverage for three different experimental conditions using post-deposition and real-time STM imaging techniques. Unlike in post-deposition imaging, the C-defect density for the latter case is not fixed but increases during the course of the experiment (and simulation). The corresponding experimental data from [8, 13] are included for comparison.
the experiment and setting the defect density to a slightly higher value (0.0035/site) in the simulations, we are able to fit simulation data with experimental results starting at 0.04 ML.
Notice that the dip evident in the experimental data at low coverages (<0.04 ML) is not replicated in the simulations. However, this feature was not easily explained and, in fact, was not observed in a similar experimental study detailed in [13] . Next, we performed additional simulations corresponding to real-time STM imaging data presented in [13] (unfilled blue stars) obtained during deposition with low flux, F = 10 −4 ML s −1 . As described in section 3.2, the C-defect density continues to increase throughout the duration of the real-time Figure 5 . Mean island density versus coverage. Simulation results are compared with selected experimental data. In the simulations, an initial C-defect density of 0.01/site was assumed for both real-time and post-deposition imaging, a value deduced from figure 2 in [13] .
imaging experiment from some initial value. We assume that this initial C-defect density is the same as the (roughly constant) value of 0.01/site determined in the post-deposition imaging experiment. The (experimental) rate at which the Cdefect increases with time, ∼10 −6 ML s −1 , can be deduced from figure 2 in [13] . Thus, in the simulations (filled blue stars), we start with an initial defect density of 0.01/site, then add C-defects as the simulation progresses. We found that adding defects at the rate of 4.5 × 10 −6 ML s −1 results in a reasonably good fit with experiment. The flatter curve corresponds to more persistent nucleation due to the continual introduction of defect sites.
As complementary representation of behavior, in figure 5 we compare simulation results for the mean island density N av = θ/S av , in both the above types of experiments with their experimental counterparts in [13] . In the simulation, an initial defect density of 0.01/site has been assumed. The most striking difference between the fast and slow deposition results (both experiment and simulation) is the roughly constant island density in the former which is in sharp contrast with the quasilinearly increasing behavior of the latter. As discussed in [13] , this follows from the fact that defects act as nucleation sites. Specifically, an increasing (constant) defect density induces the quasi-linearly increasing (nearly constant) island density in the slow (fast) deposition studies.
Shape of island size distribution
The scaled island size distribution (ISD), f , is defined so that the density of islands or chains of size s satisfies
. Simulation results are shown in figure 6 where the defect density (which is constant during the simulation run) ranges from a fixed low value of 0.003/site to around 0.02/site. The scaled ISD progressively deviates from a monomodal form (which is the default expectation for both homogeneous and heterogeneous nucleation [24] ) towards a monotonically decreasing form as the defect density is increased. For a defect density of 0.02/site, typical of the experimental studies detailed in [13] , the shape of the ISD is closer to a monotonically decreasing form rather than a monomodal form.
Our prediction for the shape of the ISD has been confirmed experimentally in the same study, which reported a monotonically decreasing ISD for In in experiments with low flux and real-time imaging during deposition where defect density is expected to exceed 0.02/site. In previous work [9] , we argued that inhibited aggregation relative to homogeneous island nucleation can produce monotonically decreasing island size distribution. (Inhibited aggregation boosts the population of diffusing adatoms and thus facilitates persistent homogeneous nucleation.) In the current modeling, homogeneous nucleation is not significant, and the large ratio of diffusion to deposition rates ensures that monomers are rare. (See section 4.4 for further discussion.) Here, instead, a key factor is the density of defects: more defects allow more nucleation of new islands which helps a shift towards a monotonically decreasing distribution. This effect is evident in figure 6 , where we plot the ISD for several values of the defect density. Increasing the defect density leads progressively to a more monotonically decreasing ISD.
It is clear that once defects become saturated, island growth rates will simply reflect the areas of the Voronoi cells associated with the defect distribution. For lower defect densities, where saturation is achieved quickly, the monomodal island size distribution reflects the monomodal Voronoi cell distribution [25] . By contrast, with high defect density the late stage saturated growth is never reached and the ISD takes a different form.
Homogeneous versus heterogeneous nucleation
The relative degree of homogeneous versus heterogeneous nucleation is naturally controlled by the relative magnitude of the defect separation, L def , and a suitably defined diffusion length, L diff . The former is directly obtained from the defect
def . The latter corresponds to the mean island separation for purely homogeneous nucleation, which is a non-trivial quantity.
, then heterogeneous (homogeneous) nucleation dominates [27] . Since the mean island separation for homogeneous nucleation decreases with increasing terrace diffusion rates, it is clear that heterogeneous nucleation will dominate for high terrace diffusion rates or high defect densities. It should, however, be noted that the dependence of the island density on diffusion rates and barriers is distinct for isotropic and anisotropic diffusion [24] . The former results should be used for our system.
Another key factor is the strength of the adatom attractions, as weak interactions lead to reversible island formation with much lower island densities and much higher island separations [24] . Thus, in this regime, heterogeneous nucleation would dominate. Applying the above analysis of the In/Si(100) system for the parameters used in our modeling makes clear that heterogeneous nucleation should dominate (due to rapid terrace diffusion, weak adatom interactions, and high defect densities).
Next, we apply the above ideas to elucidate the contrasting behavior for Ga/Si(100) and In/Si(100) [10] . Although heterogeneous nucleation of atomic chains is significant during room-temperature deposition of Ga on Si(100) [4, 9] , it is not dominant. Stronger Ga-Ga attractions (relative to InIn) were suggested to play a role. To clarify this issue, we have performed simulations for Ga deposition with the model described in this paper but suitably adjusting the parameters. In our simulation runs, we used a flux rate, F = 10 −3 ML s −1 and defect density, N def = 0.003/site to reflect actual experimental conditions. For the surface diffusion barriers, the values E ⊥, = 0.4(0.81) eV which we previously predicted in [9] were used. To mimic stronger attractions for Ga, we decrease detachment rates from chains of even length by a factor of around 48 (corresponding at 300 K to an increase in the barrier of 0.1 eV). Our results indicate that the ratio of homogeneous to heterogeneously nucleated islands at 0.04 ML is around 19, an order of magnitude higher than the experimental value ∼1.42 [10] 8 . This suggests an overestimation of the surface diffusion barriers in our previous study. This discrepancy notwithstanding, we have established that a confluence of factors including lower defect density (∼0.003/site), lower terrace diffusivity [9] , and strong adatom attractions [7] shift the system (relative to In) to favor homogeneous nucleation.
Finally, it was questioned in [26] whether the introduction of heterogeneous nucleation in the modeling of Ga deposition on Si(100) would produce the observed monotonically decreasing size distribution. The result of simulations using the parameters above and a defect density of 0.003 ML s −1 is shown in figure 7 confirming that the ISD remains monotonically decreasing in the presence of both types of nucleation pathway. The key factor producing such an ISD, persistent nucleation, results from two factors. On 8 Quantifying homogeneous versus heterogeneous nucleation is complicated by the fact that certain islands appear to nucleate at or near defects other than C-type (i.e. missing dimers, trimers, etc). Of the 63 nucleation events tracked in [10] , 16 appeared to have nucleated by non-type C-defects. the one hand, high densities of diffusing adatoms even at a relatively high coverage due to restriction aggregation facilitates continued homogeneous nucleation. On the other hand, the presence of many islands (boosted by the number of homogeneous islands) which act as sinks for diffusing atoms presumably slows the saturation of C-defects by heterogeneously nucleated islands, opening another pathway for persistent nucleation.
Conclusions
We have developed a lattice-gas model for deposition of In atoms on Si(100) surfaces guided by recent experimental observations regarding the dominance of island nucleation at C-type defects and also the reversibility of island formation. We show that this model with realistic rate parameters suggested from our own DFT calculations as well as from realtime STM observations can describe experimental observations on mean island size and density, as well as the island size distribution. Specifically, we were able to demonstrate that a monotonically decreasing island size distribution is consistent with high defect density, and that a low defect density leads to early saturation of defects with islands, resulting in a linear increase in mean island size with time. Finally, we have elucidated the conditions controlling the dominance of heterogeneous versus homogeneous nucleation in these systems.
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